Measurements of the radiation emitted by the sun at radio-frequencies have shown that the intensity greatly exceeds the value associated with a surface temperature of 6000° K. Under normal conditions the radiation, which appears to be randomly polarized, has an intensity which corresponds to the radiation from a black-body source subtending the same solid angle as the solar disk and at a temperature of about 106 °K. During the presence of sunspots very much more intense radiation is emitted by small areas of the solar disk; the intensity at these times corresponds to radiation from a source at a temperature of 109 to 1010 °K, and the radiation is circularly polarized. T he experimental results are considered theoretically in this paper, and it is concluded that the radiation in both cases arises from the acceleration of electrons in the solar atmo sphere. It is suggested that by the action of the permanent magnetic field of the sun and the non-uniform rotation of the surface matter, a high potential difference is developed between the poles and the equator. Under normal conditions this potential can only produce small discharge currents through the solar atmosphere, although the electric field produced may be sufficient to maintain a mean electron temperature of 106 to 108 °K in the levels likely to emit radio-frequency radiation. During the presence of sunspots much more intense electric fields can be made available in the solar atmosphere, and in the neighbourhood of the sunspots electron temperatures of the order of 1010 °K should be maintained.
. I n t r o d u c t i o n
In a previous communication (Ryle & Vonberg 1948) an account was given of measurements made on the radio-frequency radiation emitted by the sun. The experi mental results were summarized in § 9 of th at paper, and are reproduced here for con venience in § 2. I t is the purpose of this paper to suggest a theoretical explanation for these results, and to show how the theory might also explain other, non-radio, observations.
The theory suggested supposes th at the electrons in the solar atmosphere acquire a high energy by acceleration in an electric field produced by the influence of the permanent magnetic field of the sun on the surface m atter by a mechanism which is described in §6. These electrons will emit radio-frequency radiation, and in the presence of a magnetic field, two components of different polarization will be generated. The intensity of this radiation might attain a maximum value correspond ing to the equivalent temperature of the electrons, but the escape of the two polarized components from different heights in the solar atmosphere raises some im portant problems which are closely related to the magneto-ionic theory of the terrestrial ionosphere.
The application of the magneto-ionic theory to the sun is discussed in § 3, and possible mechanisms for the generation of radio-frequency energy in sunspot regions and in the undisturbed solar atmosphere are examined in § § 4 and 5.
2 . S u m m a r y o f e x p e r i m e n t a l r e s u l t s I t has been found th a t the sun a t all times emits radio-frequency radiation whose intensity exceeds th a t expected from a source a t 6000° K. The minimum intensity observed for frequencies less than 200 Me./sec. corresponds to radiation from a blackbody source a t a temperature of the order of 106 °K and subtending an angle of If the radiation can only escape from certain restricted areas of the solar disk, the equivalent temperature must be cprrespondingly higher.
During the appearance of sunspots, particularly when these are near the meridian, the intensity may be much increased, reaching values corresponding to a source at a temperature of the order of 108°K for 175Mc./sec., and 109°K for 80 Me./sec. radiation. Experiments have shown th a t the radiation under these conditions is emitted from a region whose size is of the same order as the visual sunspot. The source regions must therefore have equivalent temperatures of a t least 2 x 109°K for 175 Me./sec. radiation. Measurements of the diameter of the source a t lower frequencies have not been made, but it is possible th at still higher equivalent tem peratures may be necessary to account for the observed intensities.
During the periods of greater activity, the radiation is characterized by sudden brief increases of intensity. These ' bursts ' of radiation may have intensities as great as 100 times the mean value, with durations of a few seconds to many minutes. The larger bursts (which are usually observed nearly simultaneously on both 175 and 80 Me./sec. and are often accompanied by other evidence of solar activity) may represent an increase in source area, but it seems probable th at sudden increases of the equivalent temperature must be involved.
Tiie radiation during periods of increased intensity has been found to be circularly polarized.
T h e m a g n e t o -io n i c t h e o r y a p p l i e d to t h e s u n (a) General considerations
The fact th at the more intense radiation, associated with the presence of large sunspots near the meridian, is usually circularly polarized, and th at the sense of this polarization is different for different sunspots, suggests th at the rotation of electrons round the magnetic field of the sunspot plays a part in the production or propaga tion of the radiation. The passage of radiation through an electron gas in a magnetic field has been fully worked out, for the case of the terrestrial ionosphere, in the magneto ionic theory of Appleton (1932) . According to this theory, a wave travelling in any direction relative to the magnetic field is split into two characteristically polarized waves,. called the ordinary and the extraordinary, which are propagated with different velocities and undergo different absorptions. When a wave travels parallel to the direction of the magnetic field, the two characteristic waves are circularly polarized, in opposite directions; the name o f £extraordinary ' wave is given to th a t whose electric field rotates in the same sense as the freely gyrating electrons. The absorption of the waves is due to collisions of the accelerated electrons with atoms; where the number of atoms per cubic centimetre is large compared with the number of electrons, the absorption can be appreciable, but for a gas which is largely ionized the absorption is only high where the refractive index approaches zero. In the outer layers of the solar atmosphere, ionization is virtually complete, and thus it is, in general, only necessary to consider absorption processes in regions where the re fractive index vanishes (a conclusion also reached by Martyn (1947) ).
In the absence of a magnetic field, the refractive index (/) of a region containing N electrons per cm.3 for a wave of angular frequency p, is given by M. Ryle 4nNe2 e0mp2* where e0 represents the perm ittivity of free space.* 47tN c ? I t can be seen th at propagation of a wave is only possible w h en------^ <1. For larger values of electron density the region becomes over-dense, and a wave of angular frequency p cannot be propagated.
The presence of a magnetic field (H) alters the conditions, and for the case of propagation along the direction of the magnetic field, the refractive index is given by where p H(= Heje^mc2) represents the natural frequency of gyration of the electrons in the magnetic field. Propagation of the ordinary wave is possible for all values of 4c7tN 6^ 47tN 6-j < 1, and it can be seen th a t even for values o f----1 -providing p e0mp' eQmpi gation is possible where p Hjp is large. The presence of a magnetic field therefore allows propagation of the ordinary wave even in an over-dense medium.
Propagation of the extraordinary wave is only possible for values of p H . , , 4nNe2 -> 1 and < 1 ---------r . p 2
For intermediate values of
Ph Ipp ropagation cannot occur. The pa ordinary wave may therefore be prevented by the presence of a magnetic field having an intensity within a certain range.
The simple magneto-ionic theory can be used to determine the passage of radiation through a region where the rate of change of magnetic field with height is small compared with the rate of change of electron density, as in the terrestrial ionosphere * The term e0 is included so that the relations are valid in any system of units. and in problems involving only the permanent magnetic field of the sun. In sunspot regions, however, it is probable th a t the change of refractive index with height is determined mainly by the magnetic field.
The escape of radiation from a sunspot region has been considered in this manner by Saha (1946) , who suggests th a t the presence of the intense magnetic field of a sun spot opens, as it were, a window in the solar atmosphere, thus permitting the escape of one circularly polarized component of radiation from an underlying source of great intensity. This mechanism corresponds to the case, mentioned above, of propagation of the ordinary wave in a region where -2 -> 1 and -> 1; the polarization of this wave is of opposite sense to th a t of a freely gyrating electron. This theory appears to present two difficulties: first, because it can only explain the very high observed intensities by supposing th at the source, which on this theory must be situated in a layer of high density below the photosphere, is at a temperature of 109 to 1010°K; and secondly, because the magnetic fields observed in sunspots at photospheric levels, seem inadequate to satisfy the conditions for transparency,
The generation of radio-frequency radiation in the sun 85 1 j in the much over-dense layers of the lower chromosphere.* [Vh 47 rNe2 \ V > e0mp2 In this paper an alternative theory is therefore put forward, in which it is suggested th a t the radiation is emitted by the acceleration of electrons in particular levels in the solar atmosphere. (The highest pbseryed intensities of sunspot magnetic fields are insufficient to make the contribution of ions appreciable.) Owing to the low density of the solar atmosphere, it would be possible to maintain a sufficiently high electron temperature to account for the observed intensity of the radiation, in a region where the gas temperature is comparatively low. This departure from equilibrium could be maintained by the application of an electric field to the region, and a mechanism for the maintenance of such a field will be suggested in § 6.
(6) Radiation from a magneto-ionic region
As stated earlier, a wave travelling in a magneto-ionic region suffers absorption as a result of the electrons losing the energy which they have abstracted from the incident wave by collision with atoms. For the particular case of an extraordinary wave of frequency equal to the frequency of free gyration of an electron, the energy abstracted from the wave by each electron is greatly increased, and the absorption becomes very great, even when the electron density in the region is small. The ordinary wave, on the other hand, suffers no great absorption in the region. By considering Kirchhoff's law connecting the radiating power and the absorbing power of a body, it can be seen th at a heated electron gas will radiate a wave whose frequency equals th at of the free gyration of the electrons, and whose polarization corresponds to th at of the extraordinary wave, f Further, since the absorption is great, a relatively * In a recent paper Saha, Banerjea & Guha (1947) have also shown that, unless the magnetic field in the lowest levels attains a very high intensity over a small cross-section, it is unlikely that radiation at metre wave-lengths will be able to escape from regions below the base of the chromosphere.
f'A mechanism first suggested by Kiepenheuer (1946).
thin layer of small electron density will be sufficient to produce a wave whose in tensity corresponds to the mean temperature of the electrons. The propagation of a wave generated by such a process in the solar atmosphere will be considered in § 3 (c).
A detailed analysis of the absorption of waves in the terrestrial ionosphere has been made by Booker (1935) , in which it is shown that, for propagation parallel to the magnetic field, the absorption coefficient is given by
where v -collisional frequency. It can therefore be seen that, in addition to the process just considered, the ab sorption of a wave in a magneto-ionic region can become appreciable in regions where the refractive index is very small. The absorption coefficient will be much smaller than for the resonance case previously considered, and unless there is a con siderable depth over which the refractive index remains small, the overall attenua tion of an incident wave will not be appreciable. The intensity of the radiation emitted by a heated electron gas in such a region will therefore be considerably less than the intensity corresponding to the mean electron temperature unless the gradient of refractive index is small.
The absorption occurring in the solar atmosphere near regions where the refractive index vanishes will be discussed in § 3 (d) in order to determine, first, whether any such regions are likely to have sufficient radiating power to account for the observed intensities of radiation and, secondly, whether the radiation generated can escape through the overlying regions.
(c) Generation of radiation in a region of ' resonance absorption ' It was suggested in the previous subsection th at circularly polarized radiation would be emitted by the free gyration of electrons round the magnetic field of a sun spot. Magnetic fields of 20 to 80 gauss are required for the generation of frequencies of the order of 50 to 200 Me./sec. Assuming th at the field of a typical unipolar sun spot has the form of th at of a dipole situated one-tenth of a solar radius below the photosphere, and with a field strength at the photosphere of 3000 gauss, the fields required for the production of 50 to 200 Me./sec. radiation will occur a t heights of the order of 1010 cm. above the photosphere. The possibility th at electrons in such regions could have sufficient energy to give rise to the observed intensities of radiation will be discussed in § 6, and only questions concerning the propagation of radiation generated in this way will be considered here.
As soon as radiation has been emitted by the gyrating electrons, it finds itself in a magneto-ionic medium, and for propagation in any direction it has precisely the polarization appropriate to th at wave which has been called the extraordinary wave at a frequency equal to the gyro-frequency (p ). If the wave travels away from its point of origin, it will move into a region where the magnetic field (and hence is different. W ith the previous assumption th at the magnetic field of a sunspot approximates to th a t of a dipole situated below the point of origin, and with the further simplifying assumption th at there is no permanent solar magnetic field, the intensity of the field (and hence p H) decreases a t distances farther from the sun, and increases towards the centre of the sun. Thus radiation travelling away from the sun finds itself in a region where Ph /P < c 1, and according to equati index is imaginary, so th a t the wave cannot exist as a travelling wave, but only as an exponentially attenuated 'evanescent5 wave. At a greater distance from the sun, rp AiTTjN however, p H has fallen to a sufficiently low value, for -< 1 ---------, and propaga-P e0m p" tion at all greater distances then becomes possible. I t therefore appears th at the gyro-wave could only escape from the sun by penetrating the over-dense ' barrier5 which lies immediately above the place where it is generated. There is, however, no difficulty in its propagation downwards, into the sun, since p H increases in th a t direction, and the refractive index, according to equation (2), remains real.
On this simple picture gyro-radiation will be produced at each level in the solar atmosphere, with an intensity equivalent to the electron temperature at th at level. The radiation can only be propagated towards the centre of the sun, however, and it is now necessary to investigate other more complicated mechanisms which might permit escape in an outward direction.
(i) Leakage of the evanescent wave
The exponentially attenuated wave might ' leak through5 the over-dense region where 1 > -> 11 4t7rNe2\ jrl, provided th at this region is not too thick, but ine0mp ) sertion of reasonable values for the quantities involved shows th at there is little possibility of appreciable energy escaping in this way.
(ii) Spread of gyro-frequency due to Doppler shift
•It has so far been assumed th a t a single frequency ( ) generated at each point. Owing to the Doppler shift, a band of frequencies will be produced, and the higher frequency components in this band might be able to escape. Since electron temperatures of the order of 1010°K (~ 106 V) must be involved, the Doppler spread is very considerable and the energy density at those frequencies which are capable f // 4mNe2Y\ of escaping | >Ph j r ñ *j j ^e comParable with th quency. There are, however, still difficulties in the way of an explanation along these lines, because the reflecting region will also contain high-energy electrons, and there will be a comparable density of electrons, having a high upward velocity, which are capable of selectively reflecting any radiation emitted from the region of generation.
(iii) Relativity mass correction for high-energy electrons
Experimental results have shown the existence of radiation corresponding to an electron temperature of 109 to 1010°K, and thus the mean electron temperature must exceed this value, and may be appreciably greater. For electrons of this energy the relativity mass correction is im portant; an increase of electron mass has the same effect on the refractive index as a reduction in electron density. I t is unlikely th at the effect would be sufficient to cause appreciable leakage of the evanescent wave, however, as a small fraction of low-energy electrons would still be capable of causing a prohibitive.,attenuation.
From the above considerations it can be seen th at the escape of gyro-radiation in an out ward direction can only occur with a very great attenuation, and it is therefore concluded th at the high-intensity circularly polarized radiation associated with sunspots does not have its origin in the free gyration of electrons in the magnetic field of the sunspots. Radiation generated in this way can, however, be propagated towards the centre of the sun, and the significance of this asymmetry will be dis cussed in § 7.
(d) Generation of radiation by regions of low refractive index
As stated earlier, and except for the 'resonance' case already considered, the absorption of waves in a highly ionized gas is only likely to become appreciable in regions where the refractive index is very small, and the total absorption will only be appreciable if the refractive index remains small over a large number of vacuum wave-lengths. The radiating power of an ionized gas therefore depends not only on the density, but on the gradient of the refractive index, and if this gradient is sufficiently small, the radiating power may be appreciable even if the gas density is low. I t is therefore possible th at in spite of the low density of the solar atmosphere, certain regions (other than the 'gyro-region') may have sufficient radiating power for the intensity of the emitted radiation to become comparable with th at corre sponding to the electron temperature. In this section an estimate will be made of the radiating power of certain regions of the solar atmosphere in which the refractive index approaches zero. An electron density which decreases continuously with height will be assumed.
In the absence of a magnetic field, the refractive index would vanish a t the height 4arNe2 a t which the electron density was given b y ------^ = 1. The radiation a t each freSqTYIJP quency would therefore be emitted by a particular region, and if the radiating power were sufficient, the intensity at each frequency would correspond to the electron temperature a t the corresponding height.
In the presence of a magnetic field, it is necessary to consider the two polarized components separately, but the problem can be restricted to an investigation of the highest region a t which the refractive index vanishes for each component, since absorption (and hence radiation) by these two regions only can be effective in the generation of radiation which can escape from the sun. I t has been shown in § 3 (a) th a t the addition of a magnetic field can reduce the refractive index for the extra ordinary wave, and so cause it to vanish at a lower value of electron density than in the absence of the field. Conversely, the refractive index for the ordinary wave is increased, and it will therefore not vanish except at greater values of electron density. I t may therefore be seen th at the application of a magnetic field in the solar atm o sphere will increase the height at which the refractive index for the extraordinary wave vanishes, while the refractive index for the ordinary wave will vanish a t a smaller height than in the absence of the field. Generation of the two components by a heated atmosphere will therefore occur a t different heights, and the relative in tensities of the two components will depend upon the total absorption and on the electron temperatures in the two regions. As the intensity of the magnetic field is increased, the difference in the heights of the two regions becomes greater, and it is possible th a t the intensities of the two components will become very different. In these circumstances the resultant radiation escaping from the sun will appear nearly completely polarized.
The possibility of accounting for the observed intensities of radiation emitted during the presence of large sunspots, by the mechanism just outlined, will be con sidered in § 4. The application of the theory to the permanent magnetic field of the normal sun will be discussed in § 5.
D e v e l o p m e n t o f t h e t h e o r y f o r r a d i a t i o n f r o m s u n s p o t s (a) Estimation of absorption coefficient
The theory will be applied to the region above a large unipolar sunspot. I t will be assumed th a t the magnetic field of the sunspot has the form of th at of a dipole situated at a depth of one-tenth of a solar radius below the photosphere, and pro ducing a field of 3000 gauss at the photosphere. The electron density will be assumed to decrease from a value of 1011 cm.-3 at a height of 5 x 108 cm. above the photosphere, to a value of 108 cm.-3 a t a height of 1*5 x 1010em. (see, for example, Hoyle (1946) ).
For a wave of frequency 175M<?./sec., the refractive index in the absence of a magnetic field would vapish a t a height of about 6 x 109 cm. In the presence of the magnetic field, the refractive index for the extraordinary wave vanishes a t a height of about 1-5 x 1010cm., while for the ordinary wave it vanishes at about T5 x 109cm. The total absorption above each of these two regions will now be investigated, in order to determine the radiating power for the two waves.
The absorption coefficient for waves propagated in a direction parallel to the magnetic field is given by equations (3) and (4). Since it has been shown th at the absorption is only likely to be appreciable where the refractive index is small, these equations can be simplified:
extraordinary ~ ^ j *
Let the value of 47 rNe2/e0mp*at the reflecting height be denoted by value at a height h above this point be denoted by x; provided th at (xQ -x )<4 x can be written x0 -fih, where /? is a constant. Similarly, the value of (pH/p)h at a height h above the reflecting height can be written ( , where ( refers to the reflecting height, and cc is another constant.
The refractive index at a height h above the reflecting height is then given by
The absorption coefficient for the extraordinary wave at this height may then be Similarly, the total absorption coefficient for the ordinary wave may be shown to be
It has already been pointed out that the highest region at which jti = 0 is of interest in connexion with the generation of radiation which can escape from the sun; it is therefore only necessary to consider the case in which (/? -is positive (refractive index real with increasing height). For this region the total absorption coefficient is given approximately by
A wave travelling into the region from outside the sun will therefore be reflected with a loss ofintensity given b y / = / 0e"°'2W c('5±<x). Ifthe converse process is considered, the intensity of the radiation emitted by these two regions will approach the value corresponding to the mean electron temperature in the regions, when 0-2y/c(/? ± a) is of the order of unity.
Consider the emission of 175 Me./sec. radiation by a solar atmosphere having the constants already assumed. The refractive index for the extraordinary wave vanishes a t a height of T 5 x 1010 cm. above the photosphere; at this height a = 8x 10-11 and /? = 1-7 x 10~n , and the total absorption coefficient is -O03i\ For collisional frequencies greater than about 15, the extraordinary wave emitted by the region will therefore approach the mean electron temperature existing at a height of 1-5 x 1010 cm.
The refractive index for the ordinary wave vanishes at a height of 1-5 x 109cm. (where ct = 10~8 and = 2-5 x 10-8). The total absorption coefficient is therefore -2-2 x 10~4y, and for collisional frequencies greater than 2 x 103 the intensity of the ordinary wave will approach a value corresponding to the electron temperature at a height of T 5 x 109cm. above the photosphere.
An estimate of the collisional frequency to be expected in the solar atmosphere above sunspots will be made in § 4 ( b) . The values of the me the two regions will be discussed in § 6.
(6) Effective collisional frequency In the terrestrial ionosphere, the number of atoms per cubic centimetre is large compared with the number of electrons, and in estimating the absorption of an electromagnetic wave it is therefore only necessary to consider collisions between electrons and neutral atoms. The collisional frequency can then be determined directly from the atomic cross-section and the thermal velocity of the electron. For a gas which is fully ionized, the process is more complicated, since the electrons are continually under the influence of the electric fields of neighbouring electrons and ions, and it is necessary to analyse more closely the manner in which the energy of the incident radiation is dissipated.
The application of a periodic electric field to an electron gas accelerates the electrons, the radiation which is thereby produced being coherent with the incident wave. The electrons therefore modify the velocity of propagation of the wave, but do not cause any attenuation. If, however, an electron is subject to a random acceleration which produces a change of momentum comparable to the momentum which has been imparted by the radiation field, the subsequent motion of the electron will result in radiation which is not coherent with the incident field, and the increase of kinetic energy of the electron caused by the radiation will be abstracted from the wave as an increase in the temperature of the electron. The effective collisional frequency must therefore be deduced from the cross-section of collisions in which the momentum change is comparable to the momentum given to the electron by the radiation field. A detailed analysis of this type of collision has not yet been made, but it seems probable that the effective cross-section will be greater than the value for an unionized atom. A similar analysis has been made by Ginsburg (1944) for the terrestrial ionosphere, in which he finds th at for the much lower electron temperature of 300° K the effective collisional cross-section for ions is about 106 times the value for unionized atoms. Assuming that the solar atmosphere is composed entirely of hydrogen, the effective cross-section for a 10,000V electron (108°K) is therefore likely to exceed lO-17 cm.2. Little information is available on the density of the solar atmosphere above sunspots, but assuming that it is the same as for the undisturbed sun, the density of ions in the region responsible for the generation of the ordinary wave at a frequency of 175 Me./sec. is about 1010cm.~3. The effective collisional frequency assuming a rross-section of 10~17 cm.2 should then be about 5 x 102, whilst the corresponding value for the smaller density region which generates the extra ordinary wave should be about 1-0 (assuming an electron temperature of 1010 °K, as will be suggested in § 6).
I t is possible that the ionization at a height of 1*5 x 109 cm. (ordinary wave) is in complete (particularly as the atmosphere above a sunspot is likely to be at a lower gas temperature). I t is therefore possible th at for the ordinary wave the collisional frequency is greater than the value deduced. If the density of the upper solar atm o sphere above sunspots is greater than elsewhere (as will be suggested in §7), the collisional frequencies in both regions will be greater.
It therefore seems possible that the absorption in both regions is of the right order for the intensity of the emitted radiation to approach the values corresponding to the electron temperatures in the two regions; this equilibrium is more likely to occur for the lower region of high density which is responsible for the generation of the ordinary wave. If, however, the absorption in the upper region is also high, the intensity of the extraordinary wave which escapes from the sun is likely to exceed th at of the ordinary wave, owing to the probable increase of electron temperature with height (see § 6).
A p p l ic a t io n o f t h e o r y to u n d i s t u r b e d s u n
I t has been shown in the previous section that the application of a radial magnetic field in the solar atmosphere will cause the refractive index for the two circularly polarized components at each frequency to vanish at different heights, and th a t the absorption in at least one of these regions is likely to be sufficient for the establishing of equilibrium between the electron temperature and the radiation.
The presence of a permanent solar magnetic field will now be considered. The field will be assumed to correspond to that of a dipole at the centre of the sun, with its axis nearly parallel to the axis of rotation, and producing a surface field strength a t the poles of 50 gauss. As in the case of the sunspot field, the two components of the radiation at each frequency will be absorbed at different heights, and thus if the absorption is sufficient the intensity of the two components will correspond to the electron temperatures a t the two levels. An analysis by Martyn (1946) has shown th at for frequencies less than 200 Me./sec. most of the radiation which reaches the earth originates from near the centre of the disk. The conditions therefore correspond to propagation a t right angles to the magnetic field, and the waves will be plane polarized in directions parallel to and normal to the magnetic equator. An estimate shows that the absorption coefficient a t a frequency of 175 Me./sec. for both waves is likely to be sufficient for equilibrium to be established, but th a t the two waves are absorbed a t nearly the same level; the electron temperatures in the two regions are therefore likely to be nearly equal.
At lower frequencies, however, the difference in the intensities of the two waves might be sufficient for the resulting radiation to show appreciable plane polarization. If this theory is correct, measurement of the polarization of the radiation emitted by the undisturbed sun a t a number of frequencies might provide information on the direction and intensity of the permanent magnetic field of the sun.
. T h e m a i n t e n a n c e o f a h i g h e l e c t r o n t e m p e r a t u r e IN THE SOLAR ATMOSPHERE
In § 4 it was shown th at the existence of a high electron temperature a t heights of 106 * * 9 * to 1011 cm. could cause the emission of the high-intensity radiation observed at frequencies of 50 to 200 Me./sec.
The density a t heights of 109 to 1011 cm. is small enough for the transfer of energy between gas and electrons to be insufficient to maintain equilibrium, and it thus becomes possible for a high electron temperature to exist together with a com paratively low gas temperature. Such a state could be maintained by the presence of an electric field, as suggested by Martyn (1947) . The mean free path of an electron for collisions involving an appreciable loss of energy will be considerably greater than th at corresponding to the effective collisional frequency deduced in connexion with the absorption of radiation, and for a 10,000 V electron should be of the order of 108 to 109 cm. A potential gradient of 10-4 V cm .-1 would therefore be sufficient to maintain a mean electron energy of 104 to 105V, corresponding to an electron temperature of 108 to 109 °K.
A possible mechanism for maintaining such an electric field is discussed below.
The effect of a non-uniform solar rotation
On the assumption th a t observation of the different rotational speeds shown by sunspots at different latitudes implies the existence of a true differential movement of the m atter of the solar surface, it has been shown by Alfven (1937) th at the presence of a permanent solar magnetic field will give rise to a potential difference between the poles and the equator. Assuming a dipolar magnetic field with axis coincident with the axis of rotation, and producing a surface field strength of 50 gauss at the poles, this potential difference is of the order of 5 x 108 V. In estimating the effects of such a field, it must be remembered th at currents can only flow in the solar atmosphere along lines of magnetic force, since in a field of 50 gauss the electromagnetic force on an electron having any energy greater than about 10~n V exceeds the force due to the electric field. If the magnetic and rotational axes are coincident, every line of magnetic force will cut the surface of the sun at equal and opposite latitudes, and there will therefore be no potential difference which can cause discharge currents in the solar atmosphere. If, however, there were a small angle between the magnetic axis and the axis of rotation, discharges through the solar atmosphere could occur, and for an angle of 7° a potential difference of 106 to 107 V could appear between two points on a line of magnetic force. In the absence of space-charge effects, a potential gradient of 10-5 to 10~6V cm.-1 would be produced, which would be sufficient to maintain a mean electron temperature of the order of 106 to 108°K in the regions capable of emitting radio-frequency waves. I t is therefore possible th at a permanent source of relatively feeble excitation for electrons in the solar atmosphere may exist as a result of the angle between the magnetic and rotational axes.
With the superimposition of the magnetic field of a sunspot, however, the resulta nt lines of force may cut the surface of the sun at two points of widely different potential (as has been considered by Alfven (1937) in connexion with the production of high energy particles). The potential difference may be appreciably modified by surface movement in the sunspot, since the discharge currents will reach the surface of the sun in regions of high magnetic field strength, and will therefore produce horizontal flow of the surface m atter in a direction tending to reduce the potential gradient in the solar atmosphere. Initially a potential difference of about 108 V will be available, and the resulting field in the solar atmosphere will increase the electron temperature along the discharge path. In the absence of appreciable space-charge effects, the potential gradient would be nearly uniform over the greater part of the discharge path, and the mean electron energy at each point would then be proportional to the mean free path (for collisions involving an appreciable loss of energy). It is probable th at at heights of more than 109cm. the mean electron potential will be increased to at least 106 V (corresponding to an electron temperature of about 1010 °K).
I t therefore seems possible to account both for a normal electron temperature in the solar atmosphere of 106 to 108 °K, which arises from the non-coincidence of the magnetic and rotational axes, and for an increased temperature (of the order of 1010°K), in the neighbourhood of sunspots, which is due to the distortion of the permanent magnetic field by the field of the sunspot. I t is to be expected th at in both cases the electron temperature will be proportional to the mean free path, and will thus show a continuous increase with height, although in certain regions spacecharge effects may modify the electric field.
M. Ryle 7 . T h e s u p p o r t o f t h e s o l a r a t m o s p h e r e
In this section the possibility of accounting for the support of the solar atmosphere by mechanisms arising from a high potential difference between the poles and the equator will be examined.
I t has been shown in subsection 3 (c) th at an ionized gas in a magnetic field is highly absorbing to one of the circularly polarized components of a wave of frequency equal to the free period of gyration of an electron in the magnetic field. Each point of a heated electron gas in a magnetic field will therefore generate radiation at a frequency corresponding to the magnetic field at th at point; it has also been shown, however, th at this radiation can only escape in a direction of increasing magnetic field strength. The radiation from the gas above a unipolar sunspot can therefore be propagated freely towards the centre of the sun, but the escape in the outwards direction will be negligible. This asymmetrical flow of momentum will produce a mean upward force on each electron, and as a result of the electrostatic attraction between the electrons and positive ions, the gas as a whole will experience an upwards pressure. This process might be called ' gyro magnetic radiation pressure'. An estimate will be made of its order of magnitude for solar conditions.
The rate of loss of energy by an electron of velocity u is given by --. For an « j e 0c electron orbiting in a magnetic field with angular velocity p, the downward rate of 1 flow of energy is --------. The mean upward force on each electron is therefore
If T is the equivalent electron temperature of the region, u is given by \m u 2 = kT .
For a magnetic field of 3000 gauss (corresponding to a frequency of about 10,000 Mc./sec.) and an electron temperature of 109 °K, the force on each electron is about 9 x 10-20 dyne. I t is possible that higher electron temperatures occur in sun spot regions, and thus radiation forces greater than this value are to be expected.
The gravitational attraction on a hydrogen atom near the photosphere is about 6 x 10-20 dyne, and it is thus clear that whilst gyromagnetic radiation pressure is not likely to play an important part in the support of the normal solar atmosphere, it should be of great significance in regions of high magnetic field strength.
Near the-photosphere in a sunspot the gyromagnetic radiation pressure should exceed the gravitational attraction on a hydrogen atom, and thus a continuous upward flow of a hydrogen atmosphere could occur. Simultaneously there would be an adiabatic expansion of gas from the surrounding photospheric regions into the sunspot, with the result th a t the gas temperature immediately above the photosphere would be reduced, the extent of the cooling being a function of the magnetic field.
At greater heights in the solar atmosphere, the electric field itself may have a sufficiently large component along the lines of magnetic force to accelerate positive ions against the gravitational field. The regions in which such a process is likely to occur will depend on the polarity of the potential between poles and equator, and on the distortion of the electric field by the accumulation of space charge. I t is possible th a t in this way the electric field may account for the high concentration of gas in the upper atmosphere of the undisturbed sun.
In the atmosphere above a sunspot, the gyromagnetic radiation pressure may be sufficient to produce a column of increased gas density up to a height a t which the component of the electric field (if of the appropriate polarity) can support the lighter positive ions. Under these conditions the discharge current will contain both electrons and positive ions. Such a process might account for the formation of visible prominences.
For a line of magnetic force which originates in a sunspot and leaves the sun completely, electrons or positive ions (depending on the polarity of the electric field) would be able to escape from the sun. Since the polar regions of the sun will always be maintained a t zero potential (owing to conduction along the polar lines of magnetic force), the final energy of the emitted particles would depend upon the latitude of the sunspot, and for a spot near the equator could be of the order of 108 V.
. C o n c l u s i o n s
The non-uniform rotation of the solar surface, in conjunction with a permanent magnetic field, could give rise to a potential difference of about 5 x 108 V between the poles and the equator. W ith coincidence of the rotational and magnetic axes, this potential difference is not normally capable of producing appreciable discharges in the solar atmosphere, but if there is slight asymmetry of the magnetic axis a con tinuous discharge will occur, which should be sufficient to maintain a permanent excitation of the electrons of the upper solar atmosphere equivalent to a tempera ture of 106 to 108°K. During the appearance of sunspots, the distortion of the magnetic field can cause greatly increased potential gradients, giving rise to high excitation in the neighbourhood of the sunspot, with electron temperatures of 109 to 1010 °K. In both cases the electron temperature will vary roughly as the mean free path, and will therefore increase with increase of height above the photosphere.
A heated electron gas will emit radiation at those frequencies which are appreciably absorbed. The greatest absorption, and therefore the greatest radiating power, occur a t the frequency of free gyration of the electrons in the magnetic field, and thus it would be expected th at each region in the solar atmosphere above a sunspot would emit circularly polarized radiation whose intensity would correspond to the electron temperature at that level, and whose polarization would correspond to the extra ordinary wave of Appleton's magneto-ionic theory. I t is impossible, however, for this radiation to escape from the sun, although it can travel freely towards the centre of the sun. This process, whilst having great significance in' connexion with the support of m atter in the solar atmosphere, cannot therefore account for the in creased intensity of radio-frequency radiation observed during the presence of large sunspots.
In addition to absorption at the gyro-magnetic frequency, an electron gas of varying density in a diverging field has other absorbing regions for each frequency, and from two of these regions, circularly polarized radiation can escape outwards. One of these is situated in a low-altitude high-density region, where the absorption coefficient, and therefore also the radiating power, is appreciable. This region should therefore emit circularly polarized radiation of an intensity corresponding to the electron temperature. The sense of the polarization of this wave corresponds to the ordinary wave of the magneto-ionic theory. The second region (which absorbs the extraordinary component) is situated a t a greater height, where the absorption coefficient may be insufficient for the radiation to approach the equilibrium intensity, but if, as a result of the elevation of prominence material, the gas density is raised, and the absorption becomes complete the intensity of the radiation may exceed th a t of the ordinary wave, since the electron temperature will be greater than in the lower region.
The lacK of a sufficiently detailed knowledge of the density in the solar atmosphere above sunspots also prevents an accurate estimate of the variation of intensity with frequency, although the greater density in the regions which radiate the higher frequencies would be expected to result in lower mean electron temperatures.
The sense of the polarization and the distribution of intensity with frequency which are predicted by the theory are thus in general agreement with the experi mental observations; more detailed theoretical and experimental work is necessary before the agreement can be considered conclusive.
The brief increases of intensity which are associated with sunspot radiation are suggestive of the fluctuations in an electrical discharge which are caused by the building-up of space charges. Further study of these increases may assist in deter mining the structure of the solar atmosphere in the neighbourhood of sunspots. The longer term variations of excitation may be due to a redistribution of the discharge currents along different lines of magnetic force; this redistribution could be caused by changes of the potential distribution across the sunspot surface, such as might arise from mechanical disturbances of the surface matter. The sudden increases of intensity which are sometimes observed may be the result of some violent disturbance of this kind; the simultaneous appearance of visible flares, either near the sunspot or a t a more distant point (which may be the point at which the active magnetic lines cut the solar surface again), would suggest th at the discharge current was pro ducing high excitation a t the low-altitude high-density sections of the path.
The author is indebted to Mr J. A. Ratcliffe and Dr H. G. Booker for their helpful criticism during the development of these ideas. The work was carried out during the tenure of an I.C.I. Fellowship.
The mechanism of isothermal distillation in the porous-disk osmometer The treatment is essentially thermodynamic, and leads to the derivation of equations which agree with the accumulated experimental evidence while showing how substantial improve ments in performance can be achieved by designing the apparatus in accordance with the guidance given by the theoretical study* One of the derived equations stresses the importance of good thermal conduction between the solvent and solution inside the stillhead, while another gives a quantitative relationship between thermostat temperature fluctuations and osmoticpressure errors. A description is then given of the essential features of the experimental apparatus which has been built for the application of these theoretical advances to the measurement of the molecular weights of high polymers.
P r i n c ip l e s o f t h e p o r o u s -d i s k m e t h o d
The characteristic features of the isothermal still are shown in figure 1 , where it is contrasted with the classical type of osmotic-pressure apparatus. The stillhead contains an annular space for the solution A, and a centrally disposed cup B bridged by a sintered glass disk from which pure solvent can be hung under tension. This operation is made possible by the existence of cohesive forces in liquids, which mani fest themselves by the secondary phenomenon of surface tension. Provision is made for determining the rate of distillation between the two liquid phases, usually by measuring the movement of the meniscus in the reference arm. The apparatus must t 
